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Abstract—The upcoming new radio access allows ultra-high
data rate using millimeter-wave (mm-Wave) frequencies, while it
normally suffers from large path loss. To compensate for path
loss, phased arrays for both the transmitter and receiver are used.
The 5G new radio (NR) three beam management process proceeds
as follows: The transmitted beam is first swept in the downlink
direction from the remote radio unit (RRU) to the user equipment
(UE), and then the uplink beam is aligned to determine which beam
direction has the best reception quality, and vice versa. However,
this sequential beam management requires that the RX must be
able to perform both beam detection and steering across all the
reception angles. Moreover, due to the narrow beamwidth of the
phased array operation, a “quantum leap” performance improve-
ment of the receiver operating at mm-Wave is required. In this
article, a self-steering array beamformer (SSA-BF) receiving sys-
tem is proposed, which is composed of a home-designed IC package
with zero DC power consumption and a 4-element antenna array.
We first conduct the measurement without the antenna, and the
SSA-BF receiver shows a significant array factor enhancement with
negligible SNR degradation over full field-of-view (FoV) (incidence
angle=±90°),<3 ms fast beam alignment time, and it can support
enhanced mobile data-rate up to 10 and 7.8 Gb/s with 20x100 MHz
carrier aggregation OFDM in back-to-back and over 25-km fiber
transmission, respectively. Moreover, a broadside 3-dB beamwidth
±80° and broadband 17-36 GHz antenna is designed for the pro-
posed SSA-BF receiver in a 5G fiber-wireless access. The SSA-BF
receiving system with the 1 × 4 antenna array is designed at
28 GHz, and it shows the normalized array gain better than 3- and
6-dB degradation over broad FoV incidence = ± 68° and ± 85°,
respectively. Without any external tuning controls, the proposed
SSA-BF achieves the state-of-the-art autonomous beamforming
for 6 Gb/s 64-QAM signal over 50-cm wireless distance, achieving
a substantial array factor improvement. To the best of authors’
knowledge, this is the first demonstration of a high-speed switching
SSA-BF receiver in a fiber-wireless integrated radio access as a true
enabler for mm-Wave mobile fronthaul applications

Index Terms—5G, beamforming, closed-loop, field-of-view
(FoV), fiber-wireless network, millimeter-wave (mm-Wave),
phased array.

Manuscript received July 31, 2019; revised October 29, 2019 and November
20, 2019; accepted November 25, 2019. Date of publication November 29, 2019;
date of current version March 17, 2020. (Corresponding author: Min-Yu Huang.)

M.-Y. Huang, Y.-W. Chen, H. Wang, and G.-K. Chang are with the School of
Electrical and Computer Engineering, Georgia Institute of Technology, Atlanta,
GA 30308 USA (e-mail: minyu@gatech.edu; yu-wei.chen@ece.gatech.edu;
hua.wang@ece.gatech.edu; geekung.chang@ece.gatech.edu).

P.-C. Peng is with the Department of Electro-Optical Engineering,
National Taipei University of Technology, Taipei 10608, Taiwan (e-mail:
pcpeng@mail.ntut.edu.tw).

Color versions of one or more of the figures in this article are available online
at https://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/JLT.2019.2956667

I. INTRODUCTION

TO SUPPORT future wireless communication systems,
such as 5G new radio (NR), orthogonal frequency division

multiplexing (OFDM) using radio over fiber (RoF) technique in
radio access network (RAN) [1] is adopted and standardized be-
cause its manageable signal processing resources enable flexible
software defined RF operations and simplifies the remote radio
units (RRU) architecture [3]–[12]. However, mm-Wave 5G-NR
is susceptible to atmospheric attenuation such as water vapor and
oxygen, suffering from higher wireless propagation loss. There-
fore, in 5G communication network, RRUs can leverage large ar-
ray sizes to substantially compensate the millimeter-wave (mm-
Wave) link loss [3]–[38]; however, it results in a “pencil-like”
beamwidth, which drastically complicates and poses challenges
in the beam alignment for the transmitter and receiver. Moreover,
unlike conventional static microwave beamforming in satellite
communication, many future mm-Wave links are expected to
operate in relatively “dynamic” environments, such as wireless
AR/VR and machine-based communications, necessitating fast
and precise beam-forming/-tracking to ensure high link relia-
bility, enhanced data-rate and low latency, as shown in Fig. 1.
Future dense deployment of mm-Wave small cells will result in a
complex EM inter-cell interference and thus beam management
is extremely important.

Beam management is composed of the following three step
sequence [2], which are initial beam acquisition, transmitter
beam refinement, and receiver beam refinement. The downlink
is taken as an example in the following to elaborate the beam
management process; while the uplink can follow the similar
method in a reverse transmission direction. To initiate a data
delivery for an idle user, the RRU first transmits and sweeps
the beam to different directions via a synchronization signal
burst set. Then, the UE will find the best-connected beam and
feedback the information to the RRU. After the RRU knows
the selected beam information, the second step will repeat the
sweep process with a narrower beamwidth to UE and get a more
accurate UE direction. To get the full beamforming gain, the
receiver needs to refine and compute its receiving direction by
reusing the beam information from the previous step. However,
most receiver phase arrays have non-uniform array factor over
scanning angles which can cause misjudgments in the beam
alignment, for example,± 30° and± 90° incidences in a generic
4-element phase array antenna receiver. Therefore, to ensure UE
feedback the accurate beam connection information in the first
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Fig. 1. Dynamic 5G fiber-wireless communication for uplink.

and second steps in future dynamic mobile environment, 5G-NR
beam management requires an advanced receiver design with
fast beam scanning, searching, forming, and computation over
full reception angle.

Most existing beamforming systems in 5G fiber-wireless ac-
cess are open-loop operations, which require extensive phase
control signals [4]. Recently, a photonic-aid beamformer (BF)
with higher operation bandwidth was reported based on array
waveguide grating and dispersive fiber [5]; however, its feasibil-
ity is limited by its bulky size and thus it causes system stability
issue due to environmental vibration, pressure, and temperature
changes, which is problematic to precisely and stably align the
beam toward the location of the UE. Photonic integrated circuit
based phased array with 9.61 Gb/s has been demonstrated in [6].
However, the thermo-optical ring-resonator phase shifter is also
sensitive to environmental temperature and difficult to achieve
fast beamforming. Multiple calibrations are required to facilitate
accurate beam-tracking, adding system complexity to future 5G
ultra-reliable low-latency link.

To address these challenges in future dynamic mm-Wave
mobile applications, we present a mm-Wave fiber-wireless
integrated network with a broadband scalable full-FoV self-
steering array beamformer (SSA-BF) over 25 km fiber link.
The SSA-BF achieves calibration- and digital signal process
(DSP)-free beamforming via zero-DC power consumption IC
[39], [40] with a passive delay-locked-loop (DLL) phase domain
negative feedback loops to cover 2-GHz wide bandwidth. A
proof-of-concept experiment demonstrates that it can rapidly
yet accurately align the desired signals with low-latency <3
ms beam-tracking and exhibits long-term system stability. The
network has been demonstrated by probing-based measurement
and it can achieve 20 × 100-MHz carrier aggregation OFDM
with aggregating 10 Gb/s. In the over-the-air measurement,
6 Gb/s 64-QAM single-carrier signal is transmitted over 50-cm
wireless distance for future high-speed and dynamic mm-Wave
5G fiber-wireless systems.

This paper is organized as follows. Section II presents the
wideband full-FoV fiber-wireless SSA-BF system architecture.
The operation principle and implementation details of the zero-
DC SSA-BF IC as well as the wide-FoV antenna array design
are demonstrated in Section III. Section IV shows the mea-
surements and a performance comparison with various reported
fiber-wireless systems.

II. FIBER-WIRELESS SELF-STEERING BEAMFORMING

The proposed SSA-BF receiver system for a fiber-wireless
network uplink includes mm-Wave front-end low noise ampli-
fiers (LNAs), down-conversion mixers, zero-DC SSA beam-
forming IC package and electrical to optical converter (E/O
converter). A proof-of-concept fiber-wireless system is designed
at 28 GHz for mm-Wave 5G NR.

After down-conversion mixing, the IF signal is then sent to
the home designed IC for conducting beamforming, including
the angle of the arrival detection and beam alignment. The
closed-loop IC consists of a passive power-aware phase detec-
tor, time-delay-based LC synthetic phase shifters, and resistive
progressive feedback control voltage generation [40]. As shown
in Fig. 2a, the negative feedback loop is realized by the passive
phase detector with phase-to-voltage conversion G1 and a DLL-
based voltage-controlled phase shifter with voltage-to-phase
conversion G2 (Fig. 2b). In order to execute this close-loop
beamforming operation, we have to ensure a large loop gain
(LG) = G1G2 for autonomous operation over full-FoV and
self-steering operation with zero DC power consumption [40].

In the first step of beamforming, when the incoming signals
with an incident angle φ are injected into the receiver with a
uniform λ/2 array (Fig. 2a), the middle two paths would induce
an input progressive phase shift (IPPS) of θin = πsinφ. Then,
the successively power-aware phase detector would react to that
phase deviation and feedback the compensation voltageVctrl for
the phase shifters to generate θFB . Since it is a close-loop feed-
back manipulation, the feedback phase θFB would be subtracted
from the input signal and thus reduce the phase difference in the
adjacent paths. The residual output phase deviation θres can be
expressed as [39], [40]:

θres = θin/ (1 +G1G2) . (1)

It is worth to note that θres is minimized as the total loop
gain G1G2 is maximized, which implies a high accuracy for
beam alignment of the received signal over a wide progressive
phase shift range θin, i.e., wide FoV. The nonlinear conversion
between the phase and voltage domain is further exploited in
Section III.A to be extremely large even at end-fire incident
angle (i.e., θin = ±180◦ and φ = ±90°) [39], [40].

The SSA beamforming IC can be scalable for a large-scale
phased array via generating a set of progressive feedback control
voltages from the power-aware phase detector for the preceding
phase shifters to align the entire array. For example, in Fig. 2a,
−3Vctrl, −1Vctrl, 1Vctrl, and 3Vctrl are generated for a uniform
1× 4 array to compensate the input IPPS. After this autonomous
phase detection and alignment, the N output channels are in-
phase summed up to achieve a beamforming gain with 10logN
signal-to-noise ratio (SNR) and array factor enhancement. The
SSA beamforming IC acts only on the signal power due to
its nonlinear loop operation [40] and does not need any prior
signal knowledge of angle of arrival information. Moreover,
the all-passive design ensures its zero DC operation power,
which is important for large-scaled phased arrays. To conduct
the upstream signal transmission, the beamformed signal is then
upconverted by an E/O converter and then sent to distributed unit
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Fig. 2. (a) Operation principle of the full-FoV DLL-based negative feedback. (b) Conceptual diagram for scalable fiber-wireless SSA-BF.

Fig. 3. (a) Chip microphotograph. (b) Zoom-in view, (c) complete wire-
bonding view, and (d) full package of the zero-DC SSA-BF IC.

(DU) through the dedicated fiber links. Detailed system design
and implementation are shown in the Section III.

III. SYSTEM IMPLEMENTATION AND ANALYSIS

A. Operation of the Zero DC SSA Beamforming IC

To demonstrate the proposed mm-Wave fiber-wireless net-
work with a full-FoV autonomous beamforming receiver,
a proof-of-concept DLL-Like SSA beamforming IC is im-
plemented in a 130 nm CMOS process with a size of
1.63 mm × 2.53 mm [40] and then packaged in low-loss FR4
PCB with an area of 5.6 cm × 7.1 cm to process the down-
conversion 4–6 GHz IF signals (Fig. 3). The closed loop converts
signals between two different domains, i.e., phase and voltage
domains, and the loop gain is explored to be extremely large
even though the circuitry is all-passive with zero DC power
consumption [40].

1) Phase-to-Voltage Feedforward Conversion G1: The
phase-to-voltage feedforward convertor (phase detector)
consists of a compact single-ended 90° coupler and a 7-stage
Dickson voltage rectifier [39], [40]. The coupler is designed
as a transformer-based poly-phased network [41]–[45] for a

compact low-loss IQ generation [39], [40]. When the two
signals in the adjacent path with IPPS = θres and with same
amplitude A are injected to input and isolation ports of the
90° coupler, output signals at the through and coupled ports of
the coupler are then followed by passive matching networks
and the two 7-stage Dickson voltage rectifiers [40]. Assume
that two matched rectifiers act as square-law devices, after
the rectification, the differential DC voltage signal Vctrl of the
rectifier outputs can be expressed as [40]

Vctrl = 2αβ2A2sinθres, (2)

where the factor β is the passive voltage amplification by the
matching network and the coefficientα is rectification efficiency
[40]. Note that the phase-to-voltage conversion is proportional to
signal power A2 and it is a power-aware phase detector without
prior knowledge on angle of arrival. The differential DC outputs
Vctrl of the rectifiers are then sent to phase shifter to generate
the feedback compensation phase θ FB. The phase-to-voltage
feedforward conversion is [40]

G1 = Vctrl/θres = 2αβ2A2sin θres/θres. (3)

2) Voltage-to-Phase Feedback Conversion G2: To support
wideband modulated signals for 5G NR, the zero DC SSA
beamforming IC utilizes DLL-based delay lines for wideband
phase shifting and signal processing. It is composed of a multi-
section LC network as synthetic transmission lines for true-time
delay [40]. The varactors in the multi-section LC network are
controlled by the Vctrl to generate corresponding feedback
θFB , aligning adjacent channels and suppressing the θres.. The
voltage-to-phase feedback conversion is [40]

G2 = θFB/Vctrl. (4)

The overall loop gain G1G2 is exploited to be large even
though it is composed of entirely of passive components and
the large loop gain value is maintained over a wide FoV [15]–
[19], [39], [40]. Moreover, the Vctrl signals generated from the
rectifier outputs of G1 are further scaled via the resistive dividing
loads [39], [40] to generate progressive±Vctrl,±3Vctrl for inner
or outer path phase shifting (Fig. 2a), achieving a large-scale
phased array. For this proof-of-concept design, since we only
have one unit of phase shifter bonded in our testbed design, thus
it only performs one beamforming toward one user. However, it
could be scaled to the multi-user case if we integrate multiple
phase shifters on our beamformer via a similar fashion.
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3) Loop Analysis of Zero-DC SSA Beamforming IC: The
overall closed loop of the zero-DC SSA beamforming IC is next
analyzed. First, the output residual phase difference θres can be
expressed as [40]

θres = θin/ (1 +G1G2)

= πsinφ/
[
1 + (2αβ2A2sinθres/θres)G2

]
. (5)

Under different θres, the feedforward conversion gain G1

varies during the feedback phase compensation and it is not
a fixed value, showing the negative feedback loop is a nonlinear
loop. It can be further modified as

θres + k sinθres = πsinφ, (6)

where k = 2αβ2A2, which is the loop gain value at incidence
φ = 0°. Moreover, k has a quadratic relationship to the incident
signals amplitude, showing that the loop response is a function of
the signal input power. Moreover, the transcendental equation
(6) is further explored to achieve effective phase error reduc-
tion and high alignment accuracy. For a linear loop operation,
the loop gain is normally peaking at broadside incident angle
(φ = 0°) and gradually decreasing when the signal is injected
from end-fire region (φ = ±90°). However, due to its nonlinear
bifurcation behavior, the proposed power-aware closed loop can
still maintain its large loop gain value across a large incident
angle coverage and even at φ = ±90° or IPPS θin = ±180◦,
showing the full-FoV operation as long as the k is >>1 [39],
[40].

For the stand-alone SSA beamforming IC measurement, it
can achieve wideband input matching (S11 < −10 dB) from 4
to 5.9 GHz to support wideband IF signals. With the feedback
off, the zero-DC SSA beamforming IC behaves as a broadside
phased array and forms an array factor null at IPPS θin = ±90◦

and ±180°, i.e., φ=±30° and ±90°, in a uniform four-element
array. With the feedback on, the measured normalized array fac-
tor of the SSA beamforming IC achieves significant array factor
improvement (at least >25 dB) over full-FoV, i.e., IPPS from
−180° to 180° [39], [40]. Moreover, with a higher input power,
the measured normalized array factor can be further improved
over full-FoV because of its nonlinear operation [39], [40]. The
array FoV is significantly expanded which cannot be realized
via a linear feedback loop. Moreover, the proposed feedback
operation is robust to corner variation and device mismatch and
provide accurate phase shifting based on multiple chip sample
measurements and Monte Carlo modeling simulations [40].

To achieve a larger LG and minimize the residual phase
difference of the four paths even at end-fire incidence
(IPPS = ±180° or φ = ±90°. Mm-Wave frontend LNAs and
down-conversion mixers are applied before the SSA beamform-
ing IC package to increase loop conversion gain and lower the
system noise figure with better sensitivity. The IC package is
wire bonded on the FR4 PCB and experimentally verified with
Mm-Wave frontends as a Mm-Wave SSA-BF system. Overall
nonlinear loop gain of the system is increased to achieve a flat
normalized array factor over full-FoV, supporting the proposed
SSA-BF to preserve self-steering operation even when receiving
an end-fire signal (IPPS = ±180° or φ = ±90°). Moreover,

the signals are operated in DLL-like loop, which can support
wideband modulated signals through the following optical fiber
as a proof-of-concept mm-Wave mobile fronthaul.

4) Experimental Verifications of SSA-BF With Fiber Link:
The experimental setup of the proposed SSA-BF with fiber link
is illustrated in Fig. 4a. We apply a 4-channels 16 GSa/s arbitrary
waveform generator (AWG) to mimic the wireless signals with
different incident angles for electrical phase shifting generation.
The applied signals for this SSA-BF measurement are 1 Gbaud
single carrier 64QAM, 10 and 20 100-MHz carrier aggregation
of OFDM signal, which is generated via ordinary DSP [46],
[47], including serial-to-parallel, inverse FFT, and cyclic prefix
insertion. The output signals are firstly up-converted to 28 GHz
for 5G-NR applications via a local oscillator (LO) and then
pass through bandpass filters for sifting out the unwanted LO
leakages. 4 LNAs with 2 dB noise figure from 26 to 40 GHz
are employed to boost the input power up to 10 dBm before
the proposed SSA-BF. It is worth bearing in mind that those
wideband LNAs are applied for supporting multiple 5G-NR
bands (especially at 28, 37, and 39 GHz), supporting future
multi-standard communication and international roaming. After
down-conversion to 5-GHz as center frequency, the 4 IF signals
with corresponding IPPS are sent into the proposed SSA-BF,
which chip photo of the SSA-BF are also shown in Fig. 4a.

After autonomous beamforming, the 4 in-phase output signals
are directly summed up by a 4-to-1 power combiner and de-
livered to a direct modulation distributed feedback (DFB) laser
with 1550.76 nm central wavelength and 5.5-dBm output power.
After a 25-km fiber link, an optical attenuator and a10-GHz
commercial photodetector (PD) are used to convert optical infor-
mation to the electrical domain for testing received performance.
After analog-to-digital conversion via a 20G GSa/s real-time
oscilloscope (RTS), the received signals are then evaluated via
their EVM, BER, SNR, and their corresponding constellation
diagrams. Due to fully symmetric performance of the SSA-BF
[40], a representative IPPS from 0° to 180° is used to character-
ize. The optical spectrum of 1 Gbaud 64QAM (6 Gb/s) single
carrier after 25-km transmission is shown in Fig. 4b. Figure 4c
demonstrates that the mm-Wave SSA-BF fiber fronthaul system
can achieve low-latency response time <3 ms over full-FoV,
supporting future dynamic 5G networks. The SSA-BF is also
tested with a wideband modulated 1 Gbaud 64QAM (6 Gb/s)
signal under different LG setting over full FoV and 25-km fiber
link transmission. With a LG = 30, it remains similar SNR and
shows clear constellations over full FoV in Fig. 4d. Fig. 4e ex-
hibits the BER performance of the proposed full-FoV mm-Wave
SSA-BF fiber fronthaul system with different IPPS. Again, the
received performance is similar even when the IPPS is at end-fire
180°. The received sensitivities, defined as the received power
at the FEC criterion, are −8 and −7 dBm for BtB and 25 km
respectively. A 1 dB power penalty is measured due to the fiber
dispersion. In Fig. 4f, over ten hours, stable EVM performance
of 1 Gbaud 64QAM (6 Gb/s) single carrier is measured with
7.4% and 8.8% in BtB and 25-km scenario, showing that the
SSA-BF fiber-wireless system still provide stable beamforming
for the input wideband modulated Gb/s signal with a consistent
EVM performance.
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Fig. 4. (a) Experimental setup. (b) Optical spectrum of 1Gbaud 64QAM single carrier. (c) Response time of the SSA-BF mm-Wave SSA-BF fiber fronthaul
system. (d) Received SNR versus IPPS. (e) The BER performance of 1Gbaud 64QAM single carrier with different IPPS in BtB and over 25-km fiber link.
(f) Stability measurement of 1 Gbaud 64QAM single carrier over 10 hours.

Fig. 5. (a) Electrical spectrum of 10 carrier aggregation of 100 MHz OFDM signals in BtB scheme. (b) Average BER performance of 10 carrier aggregation in
BtB and over 25 km. (c) EVM performance of the 20 x100 MHz carrier aggregation OFDM as IPPS = 0° and 180° IPPS. (d) Upper inset, 20 x100 MHz signal;
lower inset, maximum EVM in achievable QAM level BtB scheme with IPPS = 0° (64QAM × 10, 16QAM × 10).

Fig. 5a shows the electrical spectra of 10 carrier aggregation
of 100 MHz OFDM bands with an accommodated 1 GHz
bandwidth. Each of them has similar SNR and the average BER
performance shows the received sensitivity (FEC threshold BER
= 3.8 × 10−3) is −6 dBm of the BtB scheme and −5 dBm after
the 25 km link respectively in Fig. 5b. Compared to the 1 Gbaud
64QAM (6 Gb/s) single carrier, the performance of the OFDM
signals is slightly degraded due to higher PAPR and lower SNR
under the constrained linearity of the front-end LNAs. To further
enhance mobile data capacity of the proposed mm-Wave SSA-
BF fiber fronthaul system, 20 carrier aggregation OFDM signals
with total 2 GHz bandwidth are applied and are successfully
demodulated. By applying different QAM levels to different
OFDM bands, we can achieve raw data rate under FEC threshold
to support 10 Gb/s and 9.4 Gb/s in BtB scheme as well as
7.8 Gb/s and 7.4 Gb/s over 25-km fiber transmission with 0- and
180-degree IPPS respectively. The corresponding QAM level
among each OFDM bands and electrical spectrum in the BtB
scheme with 0-degree IPPS is also presented in Fig. 5d. With 7%
FEC overhead, 1/32 CP length, 10% training symbols, and 10%
signal guard band, we can achieve a net data rate of 7.3 Gb/s
in BtB and 5.7 Gb/s for over 25 km, showing the mm-Wave

SSA-BF fiber fronthaul system with full FoV and self-tracking
abilities for future mm-Wave enhanced mobile services. The
measurements in Section III-A.4 are based on electrical phase
shifting and it shows a flat array factor enhancement with neg-
ligible SNR degradation over full-FoV and supports enhanced
mobile data-rate carrier aggregation OFDM over 25-km fiber
transmission without considering FoV coverage of the antenna.
However, in the practical scenarios, the FoV coverage of the
entire fiber-wireless SSA-BF system is also limited by the
antenna design. In following section III-B, a proof-of-concept
broadband wide-FoV antenna is presented.

B. Broadband Wide-FoV Antenna Design

To extend FoV and broadband coverage, a bow-tie dipole
antenna fabricated on two-layer Rogers RO40350 with 10mil
height and 1oz cooper thickness is proposed to support a mm-
Wave low-loss antenna design (Fig. 6). The top signal layer
is first designed via differential feeding lines with differential
impedance ∼100 Ω. One of feeding line is meandered to create
out-of-phase 180° difference and they are then combined as one
input single-end 50Ω feeding transmission line with passive loss
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Fig. 6. (a) 3D EM HFSS model and radiation pattern of the proposed bow-tie
antenna. (b) Measured input matching S11 of the antenna.

Fig. 7. Fabricated (a) single-element and (b) four-element antenna design.
(c) Measured E- and H- field performance of the single-element and four-element
antenna designs at 28 GHz.

1.5 dB at 28 GHz (Fig. 6a). On the other hand, the bottom copper
layer is served as PEC plane and designed as a finite ground to
create extremely broadside FoV coverage and multi-resonance
broadband frequency response. The 3D EM simulations of the
broadside radiation at 28 GHz and the antenna are shown in
Fig. 6a with ground size of 1.5 cm × 1.3 cm and entire antenna
area of 1.5 cm× 2.1 cm. Measured input matching S11 <−10 dB
is from 17 GHz to 36 GHz, supporting wideband multi-5G
standard communication (Fig. 6b).

Then, the single-element antenna and the four-element an-
tenna array are connected with southwest connectors for far-field
radiation test (Fig. 7). Four meandering transmission line traces
in the four-element antenna array are applied for equal phase
distribution for the four inputs and the area of the array is
2.1 cm× 5.5 cm (Fig. 7b). In the single-element antenna, the an-
tenna gain patterns are measured with a peak antenna gain 2 dBi
and wide 3-dB beamwidth FoV = ± 80° coverage (total 160°
incidence) on both E- and H-field, showing a state-of-the-art
broadside performance [34], [35]. Note that the overall array
gain pattern of the fiber-wireless system is a product of the
antenna gain of each element and the beamforming array factor.

Since the proposed SSA-BF generates near-ideal autonomous
beamforming array factor over full-FoV, the far-field array gain
pattern measurement in Section IV of the entire fiber-wireless
SSA-BF system is limited by the FoV of the antenna.

The far-field performance of four-element antenna array is
then measured with an in-phase 4-to-1 power combiner without
any phase tuning. Due to the IPPS of the four-element antenna
arrays in H-field, the measured array gain peaks with 10 × log4
=6 dB array factor enhancement compared to the single-element
antenna and the 3-dB beamwidth FoV coverage is largely de-
creased from 160° to 20° (Fig. 7c). With the proposed SSA-BF,
the peak of the array gain real-time autonomously tracks and
beamforms to the incoming signal over full-FoV with significant
array factor improvement in the proposed fiber-wireless SSA-BF
system (Section IV).

IV. FAR-FIELD EXPERIMENTAL RESULTS

Fig. 8a exhibits the experimental setup of far-field over-the-air
measurement over 50 cm mm-Wave wireless transmission and
25 km fiber link. The 1Gbaud single carrier signal is generated
via a 64 GSa/s AWG, and then up-converted to 28 GHz by
external mm-Wave mixers. A horn antenna with 25 dBi Gain
is then employed for wireless signal delivery (Fig. 8a). The
wireless transmission distance is conducted under the far-field
criteria, which is expressed as

Rf = 2D2/λ, (7)

where Rf , D, and λ are the radiating far-field distance, antenna
diameter, and the RF signal wavelength respectively. To operate
the wireless link at 28 GHz, Rf needs to be >42 cm and the
received signal could be approximately as plane waves with the
progressive phase shifts across adjacent channels. In order to
sweep full-FoV coverage in wireless measurement, an antenna
arm is required but the distance from antenna arm to antenna
front-end can only be maximized to 50 cm due to our existing an-
tenna chamber room limitation. After the four-element antenna
array, the received signals are firstly amplified via the wideband
LNAs with 25 dB gain, and then frequency down-converted via
23-GHz LO mixers. The beamformer is operated at 5-GHz IF
frequency to accommodate IF signal bandwidth and practical
IC package design issue, which is especially easy for accurate
phase matching, and lower propagation loss at RF frequency
rather than at mm-Wave frequency. After an initial one-time
calibration between the antenna array and the SSA-BF system
for phase and amplitude correction, measured array patterns of
four-element fiber-wireless system over full FoV with/without
the proposed SSA-BF are shown in Fig. 8b.

The available reception angle of the proposed beamformer is
evaluated via a 28-GHz single-tone mm-Wave source as shown
in Fig. 8b. Without employing the proposed beamformer, power
fading (<−30 dBc), i.e., array factor null, incurs as the incident
angle are near −30° and 30°. The result is similar as an ideal
static four-element array factor without self-steering. On the
other hand, with the proposed SSA-BF, the measured normalized
array gain pattern better than 3-dB and 6-dB degradation is
largely improved to cover wide FoV incidence= 136° and 170°,
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Fig. 8. (a) Far-field experimental setup for the proposed SSA-BF fiber-wireless system. (b) Far-field normalized antenna array gain pattern versus with incident
angles. (c) Measured far-field SNR of SSA-BF only, SSA-BF with BtB fiber link, and SSA-BF with 25 km fiber link over full FoV. (d) Measured constellations
and EVMs over full FoV in different case scenarios of SSA-BF only testing; b2b and 25-km transmission following the order from the top to bottom.

TABLE I
COMPARISON WITH STATE-OF-THE-ART ANTENNA, OPTICAL BEAMFORMER, AND FIBER-WIRELESS SYSTEM

AG Degradation∗ : Normalized array gain degradation.

respectively, showing that the proposed SSA-BF effectively and
autonomously traces the incident signal and beamforms the
summing signal towards the desired direction over the extreme
FoV.

Then, the modulated beamforming signal from the proposed
SSA-BF is launched into a 10 GHz direct-modulated laser as
electrical-optical conversion for optical signal delivery over
25 km fiber link. Since the input power is a crucial parameter,
we also conducted power matching for each channel before
each signal enters the beamformer. The single channel input

power of the first-stage wideband LNAs is −38 dBm. After the
proposed beamformer, the output signal for the successive DFB
is −3 dBm. Then, a commercial 10-GHz PD is employed to
conduct the opto-electrical down conversion with −0.6 dBm
received optical power. After the signal is analog-to-digital con-
verted via an 8-GHz, 20 GSa/s RTS, it is decoded by a Keysight
Vector Signal Analyzer with 0.035 filter roll-off and FIR equal-
izer (Fig. 8a). Fig. 8c shows the received SNR with over-the-air
measurement coverage over the full FoV incidence. The black
curve represents the SSA-BF only testing without the optical

Authorized licensed use limited to: Georgia Institute of Technology. Downloaded on June 01,2020 at 16:59:10 UTC from IEEE Xplore.  Restrictions apply. 



1228 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 38, NO. 6, MARCH 15, 2020

components and it shows the best received performance with
stabile SNR of near 24 dB in most of the cases, and a 3-dB SNR
drop at the end-fire angles (incidence = ± 90°). As the beam-
formed signal passing through the optical channel, additional
noises and signal losses slightly degrades the received SNR as
the blue curve in Fig. 8c. Note that the SNR at the end-fire angle
is mainly dominated by the SSA-BF loop gain performance
and the limited antenna FoV, and the measured corresponding
demodulated EVM performance are similar at end-fire angles in
both SSA-BF only testing and BtB transmission scheme. While,
after 25-km fiber link, the received SNR is further reduced by
about 5 dB and thus the available QAM level is declined to
16 QAM, which can be improved by applying a PD with a higher
received sensitivity or adopting IF LNAs before the RTS. To the
best of our knowledge, this is a first-ever fiber-wireless SSA-BF
system to achieve the state-of-the-art wideband 6 Gb/s 64-QAM
single carrier with EVM above the FEC threshold in an optical
system over full-FoV ± 90° incidence.

V. CONCLUSION

This paper presents the first fiber-wireless system that
achieves autonomous beamforming on unknown angle of arrival
signals, 64-QAM multi-Gb/s wideband modulated signal beam-
forming, extreme wide FoV coverage for radio over fiber, and
fast response time<3 ms, supporting future emerging mm-Wave
5G mobile fronthaul application.
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